The role of dust as a source of bioavailable phosphorus (Bio-P) is quantified using a new parameterization for apatite dissolution in combination with global soil data maps and a global aerosol transport model. Mineral dust provides 31.2 Gg-P yr -1 of Bio-P to the oceans, with 14.3 Gg-P yr -1 from labile P present in the dust, and an additional 16.9 Gg-P yr -1 from acid dissolution of apatite in the atmosphere, representing an increase of 120%. The North Atlantic, northwest Pacific, and Mediterranean Sea are identified as important sites of Bio-P deposition from mineral dust. The acid dissolution process increases the fraction of total-P that is bioavailable from ~10% globally from the labile pool to 23% in the Atlantic Ocean, 45% in the Pacific Ocean, and 21% in the Indian Ocean, with an ocean global mean value of 22%. Strong seasonal variations, especially in the North Pacific, northwest Atlantic, and Indian Ocean, are driven by large-scale meteorology and pollution sources from industrial and biomass-burning regions. Globally constant values of total-P content and bioavailable fraction used previously do not capture the simulated variability. We find particular sensitivity to the representation of particle-to-particle variability of apatite, which supplies Bio-P through acid-dissolution, and calcium carbonate, which helps to buffer the dissolution process. A modest 10% external mixing results in an increase of Bio-P deposition by 18%. The total Bio-P calculated here (31.2 Gg-P yr -1 ) represents a minimum compared to previous estimates due to the relatively low total-P in the global soil map used.
Introduction
Phosphorus (P) is an essential requirement for life. In the terrestrial ecosystem P is made accessible naturally through weathering processes and increasingly through the supply of fertilizer and other P-containing compounds from anthropogenic processes. The dominant supply of P to coastal systems is from rivers and wastewater discharge, which are augmented by sedimentary recycling processes (Ruttenberg, 2003) . By contrast, in the offshore ocean the dominant external supply is from atmospheric deposition processes, with long-range transportation of mineral dust from desert regions being the most important single source of P to the ocean surface (Graham and Duce, 1982; Mahowald et al., 2008; Myriokefalitakis et al., 2016) . In-situ measurements of atmospheric aerosol (e.g., Carbo et al., 2005; Herut et al., 1999; Zamora et al., 2013) and soil mineralogical databases (Nickovic et al., 2012; Yang et al., 2013) show that total P (hereafter TP) content of soils and mineral dust is spatially and temporally variable and may range from < 500 to > 1000 ppm, with corresponding variability in the component P pools.
Many studies show the importance of atmospheric supply in general and dust in particular as a source of external nutrients (Fe, N and P) to the open ocean (Krishnamurthy et al., 2010; Mahowald et al., 2008) . In such systems, the total N supplied is in a readily bioavailable form. In contrast the P (and Fe) is supplied in both labile (and hence bioavailable) and non-bioavailable forms. The non-bioavailable particles of P can drop through the photic zone without enhancing phytoplankton growth and hence carbon uptake. Herut et al. (2005) showed that when fresh Saharan dust and dust pre-treated to remove any water-leachable nutrients were added to a microcosm experiment containing N-and P-limited Mediterranean seawater only the fresh dust resulted in increased chlorophyll content. The fresh dust added nutrients in the ratio of 31N:1P (nitrate:phosphate) and thus it was the water-leachable fraction of the dust rather than the particle itself that caused the extra productivity in this N and P co-limited system . Eijsink et al. (2000) found that even in the P-limited Eastern Mediterranean, 70% of the TP (mainly detrital apatite) supplied as Saharan dust to the surface waters was transferred through the water column and ended up deposited in the sediment. The remaining 30% was taken up by biological processes in the water column.
Observations suggest that the percentage of TP in mineral dust that is deposited in a bioavailable form (Bio-P) is spatially variable, ranging from < 10% to > 80% (Baker et al., 2006a; Markaki et al., 2003; Zamora et al., 2013; Vet et al., 2014) , and may increase with distance from the dust source (Baker et al., 2006a) . Recent ambient observations and laboratory experiments (Nenes et al., 2011; Srinivas and Sarin, 2015; Stockdale et al., 2016) provide support for the hypothesis that atmospheric acidification and subsequent dissolution is a primary process for producing Bio-P in mineral dust. Increasing the amount of leachable, or bioavailable, P by acid processes in the atmosphere will have a direct effect of increasing phytoplankton biomass and hence carbon uptake in a variety of ocean systems (e.g., Jickells and Moore, 2015; Mahowald et al., 2008) The paucity of observational data from the open oceans necessitates the use of models to determine the atmospheric flux of Bio-P to surface waters. Models are also needed to quantify how Bio-P deposition may change with environmental factors such as source strength, atmospheric pollution, and large-scale changes to global circulation. To achieve this, models must represent the emission, transport and deposition of the particulate P, as well as processes that determine the TP and Bio-P content. Previous global deposition modelling studies using global chemical transport models (Brahney et al., 2015; Krishnamurthy et al., 2010; Mahowald et al., 2008; Wang et al., 2015) assumed that dust emissions contain a constant fraction of TP (between ~720 and 1050 ppm) and a constant percentage of TP deemed Bio-P (between 10% and 15%). The result is a spatially varying flux of dust-borne P to the surface with a constant solubility, which may not reflect underlying variability between dust sources, nor atmospheric acidification processes. A recent study by Myriokefalitakis et al. (2016) represented the acidification process using an acid-solubilization mechanism in which apatite dissolution is treated as a kinetic process dependent on the H + activity of the surrounding water droplet and known acid dissolution thermodynamic constants. Their study used a global soil mineralogy dataset (Nickovic et al., 2012) to represent the spatially varying soil TP content with dust-TP emissions adjusted to a global mean of 880 ppm and a soluble fraction of 10% representing a leachable inorganic pool of P in the initial dust. The remaining TP was assumed to be apatite. This treatment reproduces the atmospheric acidification process but relies on several assumptions for estimating the different forms of P. A recent global soil database (Yang et al., 2013) provides high resolution information on the geographical distribution of TP in its different forms including apatite, labile, organic, occluded, and secondary P. The dataset shows that there is considerable spatial variability in all components. This dataset provides more appropriate forms of P for use in estimating dust-borne P emissions and simulating atmospheric acidification processes of apatite.
A recent study by Stockdale et al. (2016) presents results from a series of experiments simulating atmospheric acidification on dust samples and dust precursor soils in which the acidity of the solution and the mass of dust was systematically varied. Phosphorus speciation experiments identified the dominant forms of phosphorus in the dust samples as ~80% apatite P, ~10% Febound P, and ~10% labile-P. The acidification experiments provide robust evidence for a relatively simple relationship in which the dissolution behaviour of mineral dust is controlled by the absolute number of protons in the solution, the calcium carbonate (CaCO3) content, and the apatite (Ap-P) content of the dust. Rapid acid dissolution of both mineral species occurs simultaneously when both minerals are present on the same mineral grain (internally mixed). The dissolution rate of Ap-P is greater when the Ap-P and CaCO3 exist on different grains (externally mixed). As a result of slow mineral precipitation kinetics the dissolved phosphate remains in solution when the H + concentration falls or water content increases. The total mass of Bio-P upon deposition to the surface is thus the sum of acid-dissolved apatite (Acid-P) and the loosely bound labile P (Lab-P) that was initially available in the particles. As the dissolution of Ap-P occurs at a faster rate when CaCO3 is not present, if Ap-P and CaCO3 where exclusively present on different particles (i.e., externally mixed) then it is possible that more Acid-P would be produced. As discussed by Stockdale et al. (2016) it is hypothesized that many particles would contain both Ap-P and CaCO3, however, there is likely a degree of variation between particles with some containing more or less of each mineral component.
It is widely recognized that mineral dust plays an important role in the transport of nutrients to the open ocean surfaces, however, as shown by Yang et al. (2013) there exists considerable variability in the relative abundance of different P-containing components from different source regions. The results of Stockdale et al. (2016) additionally show that the spatial distribution of CaCO3 and its abundance in relation to Ap-P may have considerable impacts on the production of Bio-P from acid dissolution of Ap-P. The simplistic dissolution mechanism presented by Stockdale et al. (2016) and the detailed soil-P speciation dataset presented by Yang et al. (2013) provide a new and readily applicable method for estimating the spatio-temporal distribution of Bio-P from dust and allows us to investigate the sensitivity of Acid-P production to the degree of internal and external mixing of the components. This will help to understand key uncertainties in the acid dissolution process and help better define the focus of future research.
In this study we use the Global Model of Aerosol Processes (GLOMAP) coupled to the global chemical transport model TOMCAT to simulate the emission, transport, and deposition of dustborne phosphorus to the surface. Apatite dissolution parameterizations based on the results from Stockdale et al. (2016) and a database of soil P speciation (Yang et al., 2013) are used to simulate atmospheric acidification of mineral dust by H2SO4 and HNO3; the soil database is also used to simulate the contribution of the dust-borne Lab-P as a spatially variable percentage of dust mass. These results are used to investigate the drivers of the spatio-temporal variability in dust-borne Bio-P and the Acid-P (the amount of TP converted to Bio-P by atmospheric acid processes). The results are compared to a global dataset of observations (Vet et al., 2014) and results from other modelling studies to help understand the importance of atmospheric acidification of mineral dust on the global supply of P nutrients to the open oceans and elsewhere. Finally, simulations are performed to investigate the sensitivity of the results to the effect of external mixing of apatite and CaCO3 on the amount of Bio-P delivered to the ocean surface.
Model description
We use the global aerosol microphysics model GLOMAP-mode (Mann et al., 2010) coupled to the 3D global chemical transport model TOMCAT (Chipperfield, 2006) . Simulations are performed using a horizontal resolution of 2.8° by 2.8° and 31 hybrid σ-pressure levels extending from the surface to 10 hPa. Meteorology for the simulated year is driven by the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim reanalyses at 6-hourly intervals Monthly mean low-cloud fields are prescribed from the International Satellite Cloud Climatology Project (ISCCP) archive. In the standard GLOMAP-mode setup the aerosol particle number and size distribution is described using a modal scheme with 7 internally mixed modes (4 soluble and 3 insoluble) and 5 aerosol species: sulfate, black carbon, organic carbon, sea-salt, and dust. The 7 modes cover four size ranges: nucleation (~1 to 10 nm diameter), Aitken (~10 to 100 nm), accumulation (~0.1 to 0.5 µm), and coarse (~0.5 to 10 µm).
The aerosol processes treated in the model include primary and precursor emissions, nucleation of H 2 SO 4 aerosol, sedimentation and dry deposition, hygroscopic growth, in-cloud activation and scavenging, below-cloud scavenging, inter-and intra-modal coagulation, condensation of H2SO4 and secondary organic vapors onto all aerosol particles, ageing of water-insoluble particles, and in-cloud processing (formation of sulfate mass from oxidation of sulfur dioxide in aerosol particles activated into cloud droplets). GLOMAP-mode also includes an aerosol precursor chemistry scheme primarily for simulating gas and aqueous phase reactions leading to the production of SO 2 and H 2 SO 4 .
Monthly emissions of anthropogenic BC, OC, and SO2, and volcanic SO2 are supplied by global datasets from AeroCom hindcast (Diehl et al., 2012) . The Global Fire Emissions Database (GFED) v2 database (van der Werf et al., 2010 ) is used for wildfire emissions, and dimethyl sulfide (DMS) emissions are calculated using DMS seawater concentrations from Kettle et al. (1999) and transfer velocity parameterizations of Nightingale et al. (2000) . Daily size-resolved emissions of dust (covering accumulation and coarse modes) are included via prescribed fluxes from AeroCom (Dentener et al., 2006) . Deposition of aerosol species occurs via dry deposition, using a dry deposition velocity following Slinn (1982) , and wet deposition through nucleation scavenging from large-scale and convective precipitation (activation of cloud condensation nuclei), impaction scavenging by precipitation, and scavenging by low-cloud drizzle (Browse et al., 2012) . The aqueous chemistry scheme includes the dissolution of SO2, H2O2, and O3 into cloud droplets and the subsequent oxidation of S(IV) to S(VI) by H2O2 and O3. Condensation of H2SO4 onto aerosols is simulated using coefficients following Fuchs and Sutugin (1971) with added correction factors for molecular effects and limiting interfacial mass transport, the latter using an accommodation coefficient 1.0 for both insoluble and soluble modes as per Mann et al. (2010) . For this study, the condensation of HNO3 onto dust has been added following the above method; HNO3 concentrations are taken from the coupled TOMCAT model with condensation acting as a sink to the HNO3 fields. For simplicity, the condensed HNO3 is added to the sulfate component as an equivalent mass of H2SO4 that would produce the same mass of H + ions upon dissociation of HNO3.
In this study we are interested in the sulfate associated with dust aerosol, rather than the sulfate associated with sea-salt, and thus have altered the model setup to isolate the dust-associated sulfate which will be used to determine the amount of associated acid. Full details can be found in the supporting information (Text S1). The resulting annual dust deposition flux, shown alongside the data from the standard setup, is compared to AeroCom observations (Huneeus et al., 2011) in the supporting information ( Figure S1 ) and shows the current setup is able to simulate dust deposition fluxes both close to source and in remote regions and is comparable to the original GLOMAP setup.
To simulate the acid dissolution process in GLOMAP two soil databases were used to provide information on the dust mineralogy. For the different forms of P in the dust the soil phosphorus database presented by Yang et al. (2013) was used. The database uses a global distribution of soil parent material and lithological dependent P concentrations along with a pedogenesis transformation model to simulate the weathering of each parent rock type. The authors present global distributions of P in different forms as an average of the top 50 cm of the soil profile, including total-P (TP), labile inorganic P (Lab-P), and apatite-P (Ap-P). A database of global soil CaCO3 content was obtained from the gridded Global Soil Dataset for use in Earth System Models (GSDE) developed by Shangguan et al. (2014) . A mean content was determined using the top 50cm of data in order to provide comparable emissions to the P components and to maximise global coverage of emissions. Figure 1 shows the datasets regridded to a 2.8° horizontal resolution. Dust TP content typically ranges from 200 -1000 ppm by mass (global mean of 563 ppm), Ap-P from 20 -300 ppm (164 ppm), and Lab-P from 20 -100 ppm (50 ppm), whilst CaCO3 content, at over two orders of magnitude greater, typically ranges from 1 -12% (global mean of 3.3%) of the total dust mass. In terms of global means Lab-P constitutes 9% of TP dust content and varies between 5 -10%, whereas Ap-P constitutes 29% of TP and varies between 5 -60%; the major deserts show less variability and Ap-P tends to represent ~50% of TP. The form of P that represents the majority of remaining TP is occluded-P (not shown; spatial distribution apparent from the low values of Ap-P:TP). Experimental observations from Stockdale et al. (2016) suggest this form of P is not released through acid dissolution nor upon deposition to the ocean surface; it is also much more prevalent in the northern boreal regions where dust uplift is less important.
To simulate the emission and deposition of the dust mineralogy, tracers were included in GLOMAP alongside dust following previous studies (Atkinson et al., 2013 and VergaraTemprado et al., 2017) using the regridded soil-P and CaCO3 datasets. For each tracer the spatially variable mass fraction of the components from the regridded soil-P and CaCO3 databases were applied to the modelled dust emission at each grid point to produce an associated mass. Throughout the simulation, dust is considered a single component with the fractional partition between the constituents conserved for all processes, including interaction between two dust modes. The simulations produce monthly mean wet and dry mass deposition fluxes (both impaction and nucleation scavenging) from each grid point for total dust, TP, Ap-P, Lab-P, CaCO3, and dust-associated acid in the form of the sulfate component.
The acid dissolution process is simulated using parameterizations based on experimental observations from Stockdale et al. (2016) , which provide robust evidence that the dissolution of Ap-P occurs rapidly (seconds to minutes) and that the system can be replicated by a simple liner relationship between acid input and Ap-P / CaCO3 dissolution. Linear fits to the experimental data on a logarithmic scale using all dust samples provides the mass of dissolved Ap-P and CaCO3 as a function of the absolute number of protons available. The dissolution rate of Ap-P increases in the absence of CaCO3, therefore an additional step has been introduced to simulate the enhanced dissolution rate. Stockdale et al. (2016) found that the dissolution of hydroxyapatite powder was well reproduced by the geochemical PHREEQC model (Parkhurst and Appelo, 2013) ; this model was used to produce a linear fit between available protons and dissolution of Ap-P, which provides a means for estimating Ap-P dissolution in the absence of CaCO3. The resulting parameters from the linear fits can be found in the supporting information (Table S1 ). At each grid point (horizontal and vertical) the number of protons available, determined from the mass of dust-associated sulfate and assuming each mole of H2SO4 dissociates to produce 2 moles of H + , is used to determine the number of moles of deposited dissolved CaCO3 (mol CaCO 3 diss ) using Eq. 1. Applying mol CaCO 3 diss to Eq. 2 provides dissolved Ap-P (mol Ap-P diss ) from simultaneous dissolution of Ap-P and CaCO3. If all CaCO3 has been dissolved (i.e., mol CaCO 3 diss = mol CaCO 3 available ) any excess protons are used to determine a second source of mol Ap-P diss using Eq. 2 under the condition that mol CaCO 3 available = 0 . The number of moles of dissolved Ap-P from simultaneous and separate dissolution, constrained by the available deposited mass of Ap-P, is integrated over each horizontal grid point to provide a monthly mean surface deposition flux of bioavailable P from Ap-P dissolution. The deposition fluxes of Lab-P are similarly integrated over each grid point and added to the dissolved Ap-P to provide the total atmospheric bioavailable P flux to the surface from inorganic mineral dust. 
Results

Bioavailable phosphorus
Annual deposition fluxes of bioavailable phosphorus (Bio-P) from dust, dust mass, and the dustassociated acid for the year 2001 are shown in Figure 2 . The large spatial variability in dust deposition drives the spatial variability of Bio-P. Highest values are found close to major dust source regions of Sahara and Kalahari deserts in Africa, and across central Asia, the Americas, and Australia. A significant proportion of the dust is deposited close to the source of emission. However, considerable transport occurs from all dust source regions driven by large-scale meteorology, most notably the transport of African dust advecting westwards across the Atlantic Ocean driven by trade winds, and mid-latitude transport from South America and South Africa eastwards. Northern Hemisphere mid-latitude transport from Asia across the western and central Pacific Ocean also provides a considerable transport route for dust to these remote ocean regions. The amount of acid condensed onto the mineral dust ( Figure 2c ) shows a strong correlation with regions of high pollution and dust transport. The industrialized regions of North America, Europe, central and eastern Asia can be clearly identified, as well as regions of biomass burning in central Africa. Transported pollutants also play a considerable role over the north-west Pacific and North Atlantic, as well as northern Africa and the Mediterranean Sea. The low dust loading in the central Pacific and Atlantic coincident with a moderate amount of acid highlights the marine source of sulfate emissions from DMS in this region, and a similar correlation in the northern high latitudes highlights the transport of pollutants from Europe and North America to this remote region. Table 1 provides a breakdown of absolute mass and mass per unit area deposited per year globally, on terrestrial ecosystems, on marine ecosystems, and into each ocean basin and continent; boundaries to each basin are shown in the supporting information ( Figure S2 ). Globally, 117 Gg-P yr -1 Bio-P from mineral dust is deposited to the surface annually, with 86 Gg-P yr -1 to the continents and 31 Gg-P yr -1 to the oceans and seas. The large value over land is dominated by Africa (52 Gg-P yr -1 ) and Asia (24 Gg-P yr -1 ), both of which contain large areas of desert and reflect short-range transport from these important source regions. There is a considerable spatial variability over the ocean basins. The North Atlantic, North Pacific, and Indian Oceans dominate the absolute mass of Bio-P deposited to the surface waters accounting for 37%, 19%, and 18% of all Bio-P deposited to the oceans and seas, respectively. In the North Atlantic and Indian Ocean this is correlated with the dust mass deposition (52% and 21%), whilst the North Pacific accounts for only 11% of global dust supply to surface waters. This apparent enrichment is due to relatively enhanced acid dissolution, which will be discussed in the following section. The global importance of the Mediterranean Sea as a region impacted by dust is clearly demonstrated; it accounts for 5% of the total ocean Bio-P and results in the largest deposited mass per unit area over the oceans (1.5 µg-P m -2 day -1 ) and is exceeded on land only by Africa (4.8 µg-P m -2 day -1 ) and Asia (1.5 µg-P m -2 day -1 ), which are both important dust source regions. The NE Atlantic is also strongly impacted because of its proximity to the Saharan Desert, which exhibits a strong outflow over this region and results in a mean deposition rate of 1.2 µg-P m -2 day -1 .
3.2 Acid dissolution vs labile P As observed by Stockdale et al. (2016) mineral dust contains Ap-P and Lab-P that both contribute towards the total fraction of inorganic mineral-borne phosphorus that is potentially bioavailable in marine surface waters. Although measurements reported by Stockdale et al. (2016) find Lab-P present in much smaller quantities than Ap-P, the total mass of Lab-P is directly bioavailable in the surface waters, whereas the Ap-P requires the presence of acid to yield a bioavailable form of P, hereafter referred to as Acid-P. The differences in immediate bioavailability of the two components results in distinct regional differences that can be seen in Figure 3 (panels a and b). Close to the dust source regions (Saharan, Arabian, Gobi, Patagonian, Kalahari, Great Basin, and Great Australian deserts) the Lab-P dominates the total Bio-P deposition, whereas further away from source regions and over industrialized regions Acid-P dominates; the formation of Acid-P is enhanced as dust accumulates condensed acids during long-range transport and when dust loading is low in proximity to local pollution sources (thus highlighting areas that are possibly acid-limited in respect to the dissolution of Ap-P). DMS can also play a role in providing a source of acid over the open oceans, especially in the Pacific Ocean, Southern Ocean, and Arctic Ocean (Belviso et al., 2004) . Table 1 and Table 2 provide regional information on the annual mean contribution from Lab-P and Acid-P. Of the total 31.2 Gg-P yr -1 of Bio-P deposited to the oceans 16.9 Gg-P yr -1 is from Acid-P and 14.3 Gg P yr -1 from Lab-P. The North Atlantic Ocean, Mediterranean Sea, and the western Indian Ocean, all regions strongly influenced by their proximity to significant dust sources, are dominated by the Lab-P fraction with 94% of the ocean's total Lab-P mass being deposited in these three regions (73%, 7%, and 14%, respectively). Conversely, the Pacific Ocean, Arctic Ocean, SE Atlantic, South China Sea, and the Southern Ocean, regions further from dust source regions, are dominated by the acid dissolution process; in these regions the contribution of Acid-P to the total Bio-P ranges from 75% to 81%. Although dominated by Lab-P the North Atlantic Ocean, Mediterranean Sea, and western Indian Ocean also receive a considerable mass of Bio-P from Acid-P. Considerable acid dissolution of Ap-P occurs over the Pacific Ocean even though this region receives a very small mass of dust (14% of global oceans dust supply, 25% of global oceans Bio-P supply).
Spatial variability of TP bioavailability
Estimated percentages of TP bioavailability for dust are shown in Figure 3c and Table 2 . The simulated TP bioavailability from dust varies from ~10% to 60% and is generally negatively correlated with areas of high dust loading, and positively correlated with acid loading. The Lab-P content in dust tends to only vary between 9% and 11% of the TP across the globe (see Table 2 ). As this pool of phosphorus is deemed directly bioavailable, Bio-P in regions of high dust loading will be dominated by the Lab-P component and are likely to be less dependent on changes to acid concentrations. The dominance of Lab-P in high dust loading regions can be seen close to dust source regions over land and in the NE Atlantic Ocean where TP bioavailability (14%) is closely matched with the content of Lab-P in the dust (10%). Conversely, in regions that are not dominated by dust loading, such as the central Pacific and the remote Arctic Ocean, Acid-P has a greater impact and results in a greater TP bioavailability (~50%). Due to the almost constant percentage of Lab-P in dust TP content the variability in TP bioavailability across the globe is controlled by the acid dissolution process; this is apparent from the wide range in percentage contribution of Acid-P in Table 2 , which ranges from only 7% over Africa and 29% over the NE Atlantic, to over 77% in the Pacific and 81% over the Arctic Ocean. These findings highlight the importance that acid dissolution has on the deposition of Bio-P from dust to remote regions that have fewer sources of nutrients, such as the Greenland and Antarctic ice sheets, and the Arctic and Southern oceans. These estimates only refer to the bioavailability of dust-borne P. Results from the modelling study of Myriokefalitakis et al. (2016) suggest dust is the dominant driver of the collective bioavailability of P-containing aerosol species in northern hemisphere oceans, whereas in the southern hemisphere primary biological particles are more pronounced in the South Atlantic and South Pacific Oceans, and sea spray in the Southern Ocean. Therefore, our estimates are likely representative of northern hemisphere oceans, but other sources of P may increasingly drive the observed bioavailability in the high southern hemisphere latitudes.
3.4 Sensitivity of acid dissolution to degree of particle external mixing
The assumption used in this study is that a given mass of dust particles can be treated as if they are internally mixed, with each dust constituent (Ap-P, Lab-P, and CaCO3) being present at a constant fraction of each particle's mass, i.e., in each grid box every particle will contain the same mass fraction of Ap-P, Lab-P, and CaCO3. This is not necessarily important for the Lab-P fraction, but the dissolution of Ap-P into Acid-P occurs simultaneously with the dissolution of CaCO3 at a rate that is faster than when no CaCO3 is present.
To understand the importance of the particle mixing assumption, the deposited masses of dust and associated acid were split into distinct components to mimic a population of internally and externally mixed particles of varying concentrations. As previously, all Lab-P is deemed bioavailable, and hence the deposited Lab-P mass is the same as in the previous experiments. For a given percentage of externally mixed particles the relevant percentage mass of Ap-P is treated separately using Eq. 2 and assuming no CaCO3 present, whilst the remaining mass of Ap-P is assumed internally mixed and treated as per the control experiment using Eq. 2 with the corresponding mass of CaCO3. A third group, consisting of the externally mixed CaCO3 is also removed but has no direct impact on the Bio-P and is simply removed along with its associated condensed acid (thereby having an indirect effect on Bio-P). The modelled uptake efficiency of acid onto the mineral particle is independent of the degree of external mixing. The total Bio-P deposited is the sum of Lab-P, internally mixed Acid-P, and externally mixed Acid-P. Externally mixed percentages of 1%, 2%, 5%, 10%, 25%, 50%, and an extreme case of 100% were used to determine the change in total Bio-P deposition to each region as a percentage of the control experiment where all particles are assumed to be internally mixed (0% externally mixed). Results are shown in Table 3 .
The results show that the Bio-P deposition is very sensitive to the assumptions used for the distribution of components between dust particles. All regions show an increasing deposition rate of Bio-P with an increasing degree of external mixing. An increase from 0% to 5% results in a 9% increase of Bio-P to the oceans, with most of this from regions with large dust loadings where acid dissolution of Ap-P is usually strongly buffered by CaCO3. Regions that show less sensitivity are those where acid dissolution is already a dominating process and CaCO3 is close to exhaustion; in this case the enhanced dissolution rate of Ap-P is already occurring. In reality it is unlikely that CaCO3 and Ap-P will be exclusively present on different particles, but this provides insight of how sensitive the process is, and clearly suggests that this assumption is important for determining the dissolution process of Ap-P, and also other minerals that would usually be buffered by the CaCO3.
Evaluation of model simulation
Our modelled deposition fluxes, solely from mineral dust, are evaluated against a dataset of observed fluxes and in-situ aerosol concentrations from ocean cruises and ground-based observations compiled by Vet et al. (2014) which includes data from a number of sources (Baker et al., 2006a; Baker et al., 2006b; Baker et al., 2010; Carbo et al., 2005; Chen and Chen, 2008; Chen, 2004; Furutani et al., 2010; Herut et al., 1999; Kocak et al., 2005; Koelliker et al., 2004; Markaki et al., 2003; Migon and Sandroni, 1999; Morales-Baquero et al., 2006; NADP/AIRMoN, 2010; Oredalen et al., 2010; Ozsoy, 2003; Rodríguez et al., 2011; Tamatamah et al., 2005; Zhang et al., 2007) . Figure 4 and Figure 5a show the observations compared to the modelled deposition fluxes from our study. Although limited by observations, the model captures the regional variations in TP: the highest values are found close to source regions, such as the Mediterranean Sea and off the eastern coast of Africa, and lower values in more remote regions, such as the central Pacific. Apparently linear features in Figure 5a for the Pacific coast and Mediterranean occur due to multiple observations being present in the same model grid-box. Standard deviations of model data, shown in Figure 5a , show considerable variability throughout the year. The observational dataset contains P from all sources, whereas we only estimate fluxes for mineral dust. The results support the idea that mineral dust is a globally important source of P, but it is worth noting that in regions of low dust loading, such as the Southeast Pacific and Southern Ocean, other sources of P may play a more important role .
We also compared our Bio-P estimates to field observations in Figure 4 and Figure 5b . The model reproduces the observations within an order magnitude for much of the Atlantic Ocean and Mediterranean Sea but, as with TP, is under-estimating values over the Pacific Ocean and the land; the under-representation over land is likely due to the enhanced role of other sources of P. A key result is that when acid dissolution is removed from the model, shown in Figure 5b using crossed symbols, the Bio-P values are systematically too low compared with measurements. The normalized mean bias (and with respect to the logarithm) without acid dissolution is -0.60 (-0.27) and -0.54 (-0.1) when acid dissolution is included. Our model confirms that acid dissolution in the atmosphere is an important process affecting the deposited flux of Bio-P (through the addition of Acid-P) to the Earth's surface.
Overall TP deposition fluxes to ocean basins and seas are compared to other modelling studies in Table 4 . Regional trends show good agreement with other studies: The North Atlantic Ocean is the globally dominant region for deposition, with the North Pacific Ocean and Indian Ocean also important regions for deposition. Our results show good agreement with Zhang et al. (2013) , who similarly only considered mineral dust, in all regions except for the North Atlantic for which the authors estimate an additional 40% deposition of TP. Okin et al. (2011) and Myriokefalitakis et al. (2016) estimate similar fluxes for the Atlantic Ocean but estimate a factor of ~2 to 3 greater deposition to the Pacific and Indian oceans. Mahowald et al. (2008) estimate considerably greater fluxes in most regions: the Atlantic Ocean is a factor of 3 greater, and the Pacific and Indian oceans are a factor of ~4 greater than our estimates. These differences are largely due to the assumed P content of dust. In our study the P content of the emitted dust was determined using a soil P-content database from Yang et al. (2013) , which results in a global mean TP content of 489 ppm per mass of dust. Mahowald et al. (2008) , assumed a constant P content of 720 ppm, Okin et al. (2011) use 700 ppm, whilst Myriokefalitakis et al. (2016) use a soil database (Nickovic et al., 2012) and tune emissions to result in a global mean dust TP content of 880 ppm. Using these alternative global mean contents and our modelled dust fluxes would result in equivalent ocean TP deposition fluxes of 212, 206, and 259 Gg-P yr -1 . Table 4 also compares Bio-P from this study with other modelling studies. Zhang et al. (2015) provide a good comparison as their study only considers inorganic P from dust and uses a globally constant TP bioavailability for each mineral, experimentally determined in solution with a pH of 2. In contrast we use a parameterization based on experiments using a full range of conditions, which results in a TP bioavailability that depends on acidity levels and dust loading. In Zhang et al. (2015) the TP bioavailability is ~10% for most of the basins, whereas in this study the bioavailability varies from ~15% in areas of high dust loading to > 45% in regions of high pollution or remote regions only accessible through long-range transport. This results in a global deposition of Bio-P in our study (31.2 Gg-P yr -1 ) that is roughly double that of Zhang et al. (2015) . Mahowald et al. (2008) estimate Bio-P ocean deposition of 96.5 Gg-P yr -1 , which is roughly three times our estimate. In their study a constant TP bioavailability of 10% for mineral dust is used, However, the inclusion of other P sources results in a TP bioavailability from all P sources that is greater than 10% in regions where other P sources are important, such as the Pacific and Arctic. The increased TP from other sources, and from the assumed TP content of dust, results in a greater Bio-P deposition estimate than our study. Myriokefalitakis et al. (2016) estimate 88.7 Gg-P yr -1 Bio-P from inorganic sources only (dustborne Lab-P, dissolved Ap-P, and volcanic aerosols), which is a factor of ~3 greater than our study; this difference arises mainly through differences in the TP content of dust, as well as a different modelled acid dissolution process, and through contributions from volcanic aerosols (6 Gg-P yr -1 predominantly to the Pacific Ocean). If we apply the higher dust TP and Lab-P content from Myriokefalitakis et al. (2016) , it increases our global Bio-P estimate by 16 Gg-P yr -1 . The final difference occurs through the treatment of the Acid-P production; we estimate 30 Gg-P yr -1 is deposited globally as Acid-P, compared to 144 Gg-P yr -1 by Myriokefalitakis et al. (2016) . Part of this difference in Acid-P is due to the assumption used in Myriokefalitakis et al. (2016) that the TP content of dust is comprised of Lab-P and Ap-P only, whereas other constituents are included in our soil database (e.g., Lab-P and Ap-P make up ~50% of TP in the Sahara Desert). Assuming our deposited dust is only comprised of Lab-P and Ap-P would provide a factor 3 increase in Ap-P availability, which as shown by our sensitivity study (Table S2) could have a considerable impact on Bio-P deposition. The final differences in Acid-P production occur in the different representations of acid dissolution: in our study the empirically parameterized process is dependent on the absolute number of H + ions from H2SO4 and HNO3 uptake and calculated offline after deposition, whereas in Myriokefalitakis et al. (2016) an online aerosol thermodynamic equilibrium framework is used to determine conditions for use in a kinetic model. The added sources of atmospheric acid and detailed treatment of the particle's aqueous composition results in greater acid dissolution than the simple experimentally based method used in our study. However, despite these differences it is an interesting result that the two methods produce similar spatial patterns but of different magnitudes. Assessing these differences and identifying the more appropriate method are beyond the scope of this study but merit further attention.
Discussion
There is large spatial variability in the amount of Bio-P supplied to the surface ocean. The largest flux of dust and of Bio-P, predominantly in the form of Lab-P, is supplied to the NE Atlantic Ocean; this area is known to have a high dust flux from the world's major source of mineral dust, the Sahara Desert. The modelling suggests that this area not only has the highest total input of Bio-P (6.9 Gg-P yr -1 ) but also a high input of Bio-P per unit area (436 µg-P m -2 yr -1 ; second to the Mediterranean Sea with 549 µg-P m -2 yr -1 ). Neuer et al. (2004) suggest the pulses of Saharan dust seem to exert a feast or famine effect on phytoplankton export from this region. A pulsing that may be linked to the observed phytoplankton export is apparent in the modelled fluxes ( Figures  S3 to S6 ) which vary between 0.2 and 0.6 Gg-P per month in the NE Atlantic and between 0.4 and 0.9 Gg-P per month in the NW Atlantic, another region with considerable deposition of Bio-P. In these regions, Saharan dust plumes transported over the N Atlantic meet N American air masses which are enriched in anthropogenic combustion products. Sedwick et al. (2007) identified an increase in soluble Fe delivered to the offshore NW Atlantic caused by the N American polluted air masses. Here we show based on our modelling that these air masses also increase the amount of Acid-P from the mineral dust transported across the Atlantic from the Sahara, especially during the summer months when dust transport and acid pollution are both relatively enhanced.
The total Bio-P supplied to the ocean is the sum of contributions from Lab-P and Acid-P. The location with the highest mass of deposited Bio-P from Acid-P is the NW Pacific (3.6 Gg-P yr -1 ). Our data (Table 1) is averaged over the whole NW Pacific area, however the impact is greatest in the area directly under the plume from the Gobi and Taklamakan deserts which passes over the highly polluted air in East Asia (Jaffe et al., 1999) and out into the NW Pacific (Chen et al., 2017) . This plume is rather narrowly confined to ~40°N but has a large effect within that plume as shown in Figures S3 and S4 . We see the strongest peak during the Northern Hemisphere spring (March-April-May; Figure S5 ), which is consistent with the findings of Chen et al. (2017) . Maki et al. (2016) find that Asian dust is a major nutrient source to the area of the NW Pacific under the plume though their study concentrates on the flux of atmospheric nitrate to this N limited region. As argued below the greatly increased flux of Bio-P from the dust plume will reduce the potential effect of switching to P limitation and may also increase the N2 fixation in the surface waters (Jickells and Moore, 2015) as well as increasing the total primary productivity over longer timescales (Tyrell, 1999) .
The location with the highest annual mass of Bio-P per unit area (~550 µg-P m -2 yr -1 ) is the Mediterranean Sea. This area is particularly sensitive to the addition of extra Bio-P since both the Western and particularly the Eastern Mediterranean are P limited (Krom et al., 1991; Moutin and Raimbault, 2002; Powley et al., 2017) . Any addition of P available to the phytoplankton will rapidly be taken up into the P-starved water and be translated into extra primary productivity. Microcosm experiments have shown the importance of dust inputs to increasing primary productivity particularly during the summer when there is minimal nutrient supply from below (Laghdass et al., 2012; Ridame et al., 2014) . Krom et al. (2010) estimated that Lab-P from atmospheric sources provided 30% of the non-marine external P supplied to the Eastern Mediterranean while Powley et al. (2017) , using a mass-balance model, estimated that 49% of the non-marine external supply to the entire Mediterranean was from atmospheric supply. African dust outbreaks are estimated by Pey et al. (2013) to occur over the Mediterranean over 20% of annual days. These plumes of mineral dust, along with locally derived sources, meet air polluted with acidic gases from Europe including air that has passed over cities such as Athens (Nenes et al., 2011) ; this results in extra Acid-P, and thus Bio-P, being produced. The modelling results are compatible with the predictions made by Nenes et al. (2011) concerning the effect of acid processing on mineral aerosol over the Mediterranean.
There is also a considerable contribution from Acid-P in both the western and eastern Indian Ocean. This is an area where dust from local desert regions such as the Arabian Peninsula and the Thar desert in India meet with air masses polluted from highly populated areas in South and South-East Asia (Lelieveld et al., 2001) , and pollution from biomass burning over Central and South-eastern Africa and South Asia (Sinha et al., 2004) . It has been suggested that atmospheric aerosols including dust particles, as well as biomass burning and other anthropogenic sources, are increasing the flux of dissolved nutrients (including phosphate) to the Bay of Bengal (Srinivas and Sarin, 2015) . Rengarajan and Sarin (2004) suggested that aerosols that have been involved in interactions between mineral dust and pollution also impacted the Arabian Sea; they identified its effect on Fe and NOx. Here we suggest it also affects the Acid-P.
It is generally assumed that any potential Bio-P (i.e., mineral apatite and/or Fe-bound P) as well as Lab-P that lands on most parts of the terrestrial system will be consumed by plants. Plants and their accompanying mycorrhizal fungi are evolved to extract this key nutrient from such minerals present in the soil (Smits et al., 2012) . The only exception to this might be areas of snow, such as Greenland and the Arctic, which host algal communities which are important for climate change due to their impact on surface albedo (Lutz et al., 2016) . It has been reported that microbes in arctic glaciers live in P-deficient environments (Stibal et al., 2009 ) which suggests that atmospheric input of Bio-P to these key regions may play an important role on local algal and microbial activity. We estimate that the amount of Bio-P delivered to the major ice sheets of the world (Greenland and Antarctica) is 0.08 Gg-P yr -1 of which the majority (~80%) is produced by acid dissolution.
Modelling studies routinely use a constant value for TP bioavailability, which typically ranges from ~10 to ~15%. From the soil P database used in our study we show that TP bioavailability is at least 10% due to Lab-P alone and is considerably greater once the Acid-P contribution is included. For inorganic Bio-P from mineral dust we estimate global mean TP bioavailability of 22% and 12% for oceans and land, respectively. For the ocean basins, we estimate the following: Pacific Ocean (425%); Atlantic Ocean (18%); Indian Ocean (20%); Mediterranean (15%); Southern Ocean (46%); and Arctic Ocean (55%). Other studies such as Myriokefalitakis et al. (2016) show similar increases in TP bioavailability caused by Acid-P. These calculations suggest that while the spatial variability of TP and Bio-P are similar (Table 4) , the absolute fluxes vary considerably to a large extent because of different values for TP in the source material. Uncertainties in current soil databases primarily arise from a lack of observations and sampling of under-represented soil types, including species that contain phosphorus (Nickovic et al., 2012; Yang et al., 2013) ; the result is poor spatial coverage and a lack of process-level understanding that yields considerable uncertainties. The sensitivity experiments (Table 3 and Table S2 ) highlight the clear need for improved estimates of dust-borne P components at source. Krishnamurthy et al. (2010) calculated that the addition of atmospheric P to the global ocean will increase the total carbon uptake by 0.12% based on an estimated 8.3 Gg-P yr -1 Bio-P deposited to the oceans. However, the authors assumed a globally constant dust TP content of 1050 ppm and a globally constant TP bioavailability of 15%. In comparison our model estimates Bio-P deposition from inorganic mineral dust to be ~400% of this value (31.2 Gg-P yr -1 ) with TP bioavailability ranging from ~15% to ~50%. Our enhanced Bio-P deposition estimate suggests the total carbon uptake could be even greater, if the apatite and CaCO3 composition in the mineral dust population were externally mixed. Assuming all Bio-P is taken up by phytoplankton, and applying the Redfield ratio, our results suggest the atmospheric input of Bio-P from mineral dust may account for an uptake of 1.3 Tg-C yr -1 , with 0.7 Tg-C yr -1 from aciddissolution of mineral dust. If the mineral dust Ap-P/CaCO3 content is deemed 100% externally mixed, then the total uptake would be 3.0 Tg-C yr -1 .
In non Fe-limited areas where the system is N limited in the short term, it has been shown that most atmospheric input has a high bioavailable N:P ratio and an excess of Fe. It has been suggested that the input of Fe and N causes the systems to switch towards P limitation (Jickells and Moore, 2015) . The increased Bio-P shown to be formed by these atmospheric acid processes linked mainly to anthropogenic pollution will slow this process down particularly in areas like the NW Atlantic (Chien et al., 2016) . This study suggests that the abundant acid gases produced during volcanic eruptions are likely to have a short term but possibly dramatic effect on the supply of Bio-P to the ocean. Previous work has been confined to the actual Bio-P produced within the volcanic plume itself, which is rather small (e.g., Mahowald et al., 2008) . Here we predict that a more important effect might be to increase the flux of Bio-P to the ocean due to the interaction of acid gasses from the volcano with existing mineral particles in the atmosphere.
Stoichiometric proxies have been used to estimate nitrogen fixation rates in oceanic surface waters. Deutsch et al., (2007) calculated a parameter (P* = PO4 3--NO3 -/16) and suggested that regions with high P* are also regions of the ocean with high N2 fixation rates and vice versa. It is noticeable that the three regions of the global ocean with low values of P* in their calculations (north central Atlantic, north western Pacific, and Mediterranean) are also the areas with the predicted highest fluxes of Acid-P. Superficially the addition of extra bio-P should increase P*, however a large fraction of the acid which produces acid-P is nitric acid. This is apparent in the Eastern Mediterranean where the Atmospheric N:P ratio has been observed as high as 105:1 (Markaki et al., 2010) . This is an area of the ocean with very low N2 fixation rates (Yogev et al., 2011) . By contrast the N2 fixation rate of the north central Atlantic is relatively high because the high flux of Saharan dust contains abundant Fe and P, which are required by N2 fixing organisms (Mills et al., 2004) . It is unclear what overall impact the external supply of bio-P from mineral dust has on N2 fixation rates and P*, however, our results provide global estimates that may help to improve our understanding in the future.
Summary
In this study a parameterization for acid-dissolution of mineral apatite, developed using results presented by Stockdale et al. (2016) , was incorporated into a global aerosol model (GLOMAP; Mann et al., 2010 ) with a global soil P database (Yang et al., 2013) to model the atmospheric flux of inorganic bioavailable P from mineral dust. We estimate that 870 G-P yr -1 of inorganic TP associated with dust is deposited globally, with 726 Gg-P yr -1 to the land and 144 Gg-P yr -1 to the oceans. Our model is able to discriminate between the leachable (labile) pool of phosphorus which is present upon emission and the dissolved apatite pool which is a result of the simultaneous acid-dissolution of apatite and calcium-carbonate; the two pools combined represent the atmospheric flux of bioavailable phosphorus from dust.
We estimate a global flux of 31 Gg-P yr -1 Bio-P to the oceans with 14.3 Gg-P yr -1 from the labile pool (Lab-P), and 16.9 Gg-P yr -1 from the acid-dissolved pool (Acid-P). The acid dissolution of mineral dust increases supply of Bio-P to the oceans by 120%, showing the importance of the acid dissolution process on global Bio-P fluxes. We identify the Mediterranean Sea, North Atlantic Ocean, and North Pacific Ocean as particularly important regions for dust-borne Bio-P deposition.
Our modelling results show that the percentage of deposited dust TP that is in a bioavailable form ranges from ~10% to ~50%, however, generally it has been assumed in modelling studies that the percentage of mineral dust TP bioavailability is globally constant, with values between 10% and 15% commonly used. We use a similar approach to Myriokefalitakis et al. (2016) to show that although the labile fraction of TP is globally constant at ~10%, the acid-dissolved pool increased the mean TP bioavailability over oceans to 22% with considerable variation between ocean basins: Pacific Ocean (45%); Atlantic Ocean (23%); Indian Ocean (21%); and Mediterranean (15%). This variability again highlights the impact that the acid-dissolution process has on the global flux of Bio-P from dust. The world's largest dust sources all have relatively enriched levels of dust-P pools but show variability between sources. We therefore advise against using global constant values for dust-P pools and recommend using global databases of soil-P content. In our study we used a pedogenesis-based soil-P database from Yang et al. (2013) which resulted in a global mean deposited dust TP content of 489 ppm with 49 ppm from Lab-P and 243 ppm from Ap-P, with all pools displaying roughly one order of magnitude variability across the globe. Comparing these results with other modelling studies and results from a series of sensitivity tests highlighted the affect that the assumed dust mineralogical content has on the Bio-P flux. It is noted that there is no consensus on the global mean deposited dust TP and previous studies have used higher values (e.g., 880 ppm by Myriokefalitakis et al. (2016) and 720 ppm by Mahowald et al. (2008) ). From our sensitivity study we have identified that treating the dust population as an externally rather than internally mixed population (i.e., assuming the population exhibits particle-to-particle diversity in apatite and CaCO 3 content) results in a considerable increase in global Bio-P flux (44% increase for a 25% externally mixed population). It is currently not known which treatment is appropriate and requires more research.
Our results confirm the importance of acid processes in the atmosphere in increasing the flux of Bio-P to the global ocean as suggested by Nenes et al. (2011) . The effect is spatially and temporally variable and it is suggested that increased Bio-P can result in regionally important changes in biogeochemical processes such as nutrient limitation, nitrogen fixation rates and carbon uptake. Table 2 . Annual means: percentage of total-P in deposited dust bioavailable at surface; percentage of bioavailable-P from acid dissolution of apatite; percentage of total-P in dust from labile-P; and percentage of apatite-P in deposited dust dissolved by acid dissolution. Table 3 . Sensitivity of annual deposited mass of bioavailable phosphorus to degree of external mixing of apatite and calcium carbonate (CaCO3) content in the deposited dust. Data show percentage increase of bioavailable phosphorus compared to the control run (0% mixing; internally mixed assumption). An externally mixed percentage of 0% implies that apatite and dust are present at the same ratio in all dust particles (therefore internally mixed) and a percentage of 100% implies that apatite and calcium carbonate are exclusively present in different dust particles. Table 4 . Modelled deposition fluxes of TP and Bio-P to different ocean basins in Gg-P yr -1 . Figures in parentheses correspond to the TP bioavailability (%) upon deposition. Bio-P data from Zhang et al. (2015) are presented for their 'sol-1' dataset (please refer to the study for details). Values for both total dissolved phosphorus (DP) and dissolved inorganic phosphorus (DIP) from Myriokefalitakis et al. (2016) are included. Values from Zhang et al. (2015) and this study are only for phosphorus from inorganic mineral dust. Mahowald et al. 2008 Okin et al. 2011 Zhang et al. 2015 This study* TP Bio-P TP Bio-P TP Bio-P sol-1 TP Bio-P DP Figure 1 . Global gridded datasets used for GLOMAP dust-associated emissions of a) totalphosphorus (ppm); b) apatite-phosphorus (ppm); c) labile-phosphorus (ppm); d) calciumcarbonate (%); e) ratio of apatite-phosphorus to total-phosphorus (%); and f) ratio of labilephosphorus to total-phosphorus (%). 
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